Abstract. Alternative splicing in tumor cells may be used as a molecular marker for the differential diagnosis of certain tumor types and assessment of prognosis. The aim of the present study was to investigate the associations among alternative splicing events, splicing factors, and the survival of patients with hepatocellular carcinoma (HCC). The alternative splicing event profiles of 371 patients with HCC were downloaded from The Cancer Genome Atlas (TCGA) SpliceSeq data, and the percent-splice-in value for each splicing event was calculated. The association between alternative splicing events and overall survival was evaluated. The most significant prognosis-related splicing events were used to build up a prognostic index (PI). A total of 3,082 survival-associated alternative splicing events were detected in HCC. The final PI based on all of the most significant candidate alternative splicing events exhibited better performance in distinguishing good or poor survival in patients compared to the PI based on a single type of splicing event. Receiver operating characteristic curves confirmed the high efficiency of the PI in predicting the survival of HCC patients, with an area under the curve of 0.914. The overexpression of 32 prognosis-related splicing factor genes could also predict poor prognosis in patients with HCC. In conclusion, the constructed computational prognostic model based on HCC-specific alternative splicing events may be used as a molecular marker for the prognosis of HCC.
Introduction
Alternative splicing, also referred to as differential splicing, refers to the process of generating various isoforms of an mRNA precursor by several approaches, i.e., by selecting diverse splice site combinations. The resulting protein products may exhibit distinguishable or antagonistic functional and structural characteristics, or they may yield various phenotypes in the same cell type due to differences in their expression levels (1, 2) .
The splicing isoforms of certain genes may serve as drivers for the development of tumors (3) (4) (5) (6) (7) . Additionally, the genomes of tumor cells have more extensive alternative splicing mechanisms compared with normal cells. In most types of tumors, the expression products of genes may vary due to changes in alternative splicing, which is associated with tumor development, metastasis (8) (9) (10) (11) (12) and resistance to treatment (7, (13) (14) (15) . Additionally, alternative splicing events in tumors may act as diagnostic and prognostic molecular biomarkers (16) (17) (18) (19) , and they may also be used as targets for cancer treatment (20) (21) (22) (23) (24) .
Alternative splicing events are regulated by splicing factors that act as oncogenes or tumor suppressor genes (25) . The development of drugs targeting splicing factors is a new research focus in cancer therapy (26) (27) (28) (29) (30) (31) (32) , and several studies have attempted to distinguish cancers based on the presence of abnormal RNA splicing (10, 33) . Furthermore, disturbances of alterative splicing are reportedly involved in the development of cancers. In addition, several survival-associated splicing events that are unique to cancer have been identified (34) . RNA-binding proteins, which function as regulatory elements of splicing events, have also been associated with cancer development (35) (36) (37) .
Hepatocellular carcinoma (HCC) is the fifth most common type of cancer with the third highest mortality rate worldwide. Its occurrence has been associated with viral infection, aflatoxin exposure, and other factors; in addition, a number of studies have demonstrated that alternative splicing also plays an important role in HCC (38) (39) (40) (41) (42) (43) . However, these studies focused on the associations between the alternative splicing events of only a few genes and HCC, whereas only few studies have analyzed alternative splicing events in HCC using large datasets. Tremblay et al (44) analyzed RNA sequencing (RNA-Seq) data from The Cancer Genome Atlas (TCGA) and found a large number of differential alternative splicing events between HCC and corresponding paracancerous tissues. Hepatitis B and C virus infections also affect alternative splicing events in HCC (44) . Accordingly, alternative splicing is considered to play an important role in the occurrence of HCC. However, to the best of our knowledge, no study has yet examined the association between mRNA splicing and the prognosis of HCC based on TCGA SpliceSeq data. Therefore, by using TCGA SpliceSeq data, the present study analyzed the associations among alternative splicing events, splicing factors, and the survival of patients with HCC, with the aim of identifying splicing events that may serve as new molecular targets for the prognosis of HCC.
Materials and methods
Assortment of alternative splicing event data. The alternative splicing event profiles of HCC patients were downloaded from TCGA SpliceSeq (45), which is a resource for the investigation of transcript splicing patterns and splicing event details based on TCGA covering quantified introns or exons. Information on percent-splice-in (PSI), the ratio of normalized read counts indicating the inclusion of a transcript element over the total normalized reads for that event, was collected from the database. PSI was calculated as the ratio of reading densities of inclusions to the sum of the reading densities of inclusion and exclusion. PSI values range from 0 to 100%. Only samples with PSI values >90% were downloaded. Simultaneously, clinical data were also obtained from TCGA. A total of 7 different alternative splicing events were obtained: Exon skips (ESs), retained introns (RIs), mutually exclusive exons (MEs), alternate donor sites (ADs), alternate acceptor sites (AAs), alternate promoters (APs), and alternate terminators(ATs).
Survival analysis and production of a prognostic signature. A total of 371 HCC patients in TCGA were used to select survival-related alternative splicing events. The association between alternative splicing events and overall survival (OS) was evaluated using univariate Cox regression analysis. The most significant prognostic alternative splicing events (P<0.0001) were subjected to multivariate Cox regression analysis. The area under the curve (AUC) of a time-dependent receiver operating characteristic (ROC) curve was also calculated, which has been used widely to compare the ability of prognostic predictors. All survival analyses were conducted using the 'survival' and 'survival ROC' packages in R software. The OS rates of patients with HCC grouped by high-and low-risk alternative splicing events were plotted using Kaplan-Meier plots and the differences between groups were analyzed using log-rank tests. 
Prognosis-related alternative splicing events in HCC.
The association of these alternative splicing events with OS was studied by univariate survival analysis, and a total of 3,082 survival-associated alternative splicing events were detected in HCC (P<0.05). We observed that one gene may have two or more events that are significantly associated with survival. Thus, an intersection visualization plot was generated via UpSet (Fig. 1) . The top significant survival-associated genes in HCC (P<0.0001) were piped to annotate and visualize biological process terms and KEGG pathways. The biological process terms of these genes were most enriched in small molecule catabolic process, organic acid catabolic process, and viral gene expression (Fig. 2) . KEGG pathway analysis indicated that these genes were mainly enriched in ribosome, purine metabolism, protein processing in endoplasmic reticulum, and autophagy.
Prognostic indicators for HCC patients.
The top significant survival-associated alternative splicing events in the 7 types of alternative splicing were selected as candidate prognostic factors. Multivariate Cox regression with prognostic model construction was then applied to develop a computational model for HCC prognosis based on each individual splicing type. HCC patients were divided into subgroups with significantly different prognoses ( Fig. 3 ) based on the 7 types of alternative splicing (Table I) . These independent prognostic alternative splicing events were analyzed further to build the final prognostic computational model using a PI for HCC. Time-dependent ROC curve analyses were also applied to compare the efficiency of these prognostic models (Figs. 4 and 5). The final PI containing the most significant candidate alternative splicing events exhibited the best performance at distinguishing favorable or poor survival in patients (Fig. 6 ). Patients in the high-risk group had significantly worse survival compared with those in the low-risk group [hazard ratio (HR)=12.904, 95% confidence interval (CI): 7.513-22.161, P<0.001; Fig. 6A and B]. Furthermore, the PI remained an independent prognostic indicator for HCC patients in multivariate analyses after other clinicopathological characteristics were adjusted (HR=16.541, 95% CI: 7.660-35.717, P<0.001; Table II ). ROC curves confirmed that the final prognostic predictor with all types of alternative splicing had the highest efficiency ( Fig. 6C ) with an AUC of 0.914. The specific genes involved in the final models are listed in Table III . The calibration curves exhibited good consistency between the predicted and actual survival probability (Fig. 6D ).
Survival-associated splicing factor genes.
A total of 71 splicing factor genes were identified, and the associations between the expression profiles of these genes and OS were assessed based on the data obtained from TCGA, resulting in the identification of 32 prognosis-related splicing factor genes. Interestingly, ROC, receiver operating characteristic; AUC, area under the ROC curve; PI, prognostic index; HCC, hepatocellular carcinoma; AA, alternate acceptor sites; AD, alternate donor sites; AP, alternate promoters; AT, alternate terminators; ES, exon skipping; ME, mutually exclusive exons; RI, retained introns.
overexpression of all these 32 genes may represent a risk factor for the survival of patients with HCC, as all HRs were >1 (P<0.05) (Fig. 7A) . We found that the integration of the 32 SFs could also provide an effective survival risk stratification for HCC patients (Fig. 7B ). HCC patients with high-risk scores for the splicing factors-based classifier had worse OS compared with those who had low-risk scores. Next, we characterized the splicing-regulatory network of the 152 (P<0.0001) most significant survival-associated alternative splicing events and 32 prognosis-related splicing factor genes in HCC (Fig. 8) . Additionally, 14 core interacting genes were identified in the splicing-regulated network: SRSF7, SRSF10, SRSF1, RBMX, HNRNPC, YBX1, PTBP1, HNRNPA3, HNRNPU, HNRNPL, SRSF9, SRSF2, DAZAP1 and SFPQ (Fig. 9) . Furthermore, 'TXNDC17-38768-AD' * 9.27e-02 + 'TPT1-25803-AD' * 1.62e+01 + (1.700-3.455) 'SUMF2-79789-AD' * 3.92e-02 + 'SMIM19-83740-AD' * 2.69e-02 + 'RPL26-39180-AD' * 6.06e-01 + 'NDUFB11-88904-AD' * 4.87e-02 + 'IRF3-50997-AD' * (-8.62e-03) + 'F10-26354-AD' * 2.21e-02 + 'CCDC90B-18085-AD' * 2.02e-02 + 'C1orf159-13-AD' * (-1. these genes were found to not only possess prognostic significance, but to also have indispensable functions in the initiation of HCC (Figs. 10 and 11) .
Discussion
In the present study, the PSI value and clinical outcome of patients with HCC were integrated using a novel methodology. Furthermore, prognostic signatures were developed based on splicing events to promote the development of precision treatment. To determine the underlying mechanism, we investigated the potential regulatory associations between prognosis-related splicing factors and splicing events, which provided deeper insights into the phenotype of splicing events in HCC.
With the advantage of high-throughput RNA-Seq, TCGA provides multiple sources for the investigation of whole-genome or transcriptome analyses, including the exploration of genome splicing events. Previously, Xue et al (47) and Zhu et al (48) conducted SpliceSeq analyses using TCGA (49) to generate alterative splicing profiles for non-small-cell lung cancer and ovarian cancer patients, in order to develop prognostic models with several splicing events. SpliceSeq is a Java program providing a clear view of the inclusion level of each exon and splice junction. Recently, Ryan et al (45) extended the methodology of SpliceSeq and calculated the PSI for each potential splicing event across 33 types of cancer to establish TCGA SpliceSeq database; the PSI data for HCC generated in the present study were obtained from this database. Hence, to the best of our knowledge, this is the first group to integrate PSI values from SpliceSeq with TCGA clinical prognostic parameters for the comprehensive investigation of the prognostic value of alternative splicing events in HCC. This algorithm will facilitate the discovery of novel splicing events that may be used for the prognosis of HCC and provide insights into the role of splicing events at the genome-wide level.
On the basis of the analysis of the tumor tissue data of 371 HCC cases in TCGA SpliceSeq, a large number of alternative splicing events were identified. These events do not only affect protein diversity by altering the amino acid sequences of the translated products (e.g., ES can delete a portion of the coding sequence), but they can also affect protein function by altering the yield of the translated products (e.g., AP can change the efficiency of translation). For example, MET and NOTCH1, can be changed by alternative splicing events (21) . The common apoptosis-related genes Bcl-X and MLC1 can also express different products due to the occurrence of alternative splicing, showing two distinct functions of promoting apoptosis and inhibiting apoptosis (3, 4, 50, 51) . In the currently popular molecular targeting therapy for tumors, the target sequence can be lost from cancer cells due to alternative splicing, leading to drug resistance (7, 13, 21) . In the present study, ES was the most common of the 7 alternative splicing events in HCC. Previous studies have demonstrated that the frequency of alternative splicing events is not the same in different cancers, but the frequency of ES is generally the highest (52) . Although the mechanism has not yet been fully elucidated, evidence has shown that the occurrence of splicing events is not random. Chen et al (53) analyzed RNA-Seq data from 30 types of tumors and found that the frequency of alternative splicing events is markedly higher in tumors compared with that in corresponding normal tissues. These alternative splicing events are often accompanied by premature termination codons, and the probability of a premature termination codon due to alternative splicing is markedly higher in a tumor suppressor gene rather than in a proto-oncogene in cancer tissue. In the gene functional enrichment analysis, it was observed that genes with survival-associated splicing events were significant correlated with 'small molecule catabolic processes', 'organic acid processes' and 'viral gene expression'. The gene functional enrichment analysis results revealed that these genes may be involved in the metabolism of HCC. The liver is the metabolic center of the body. Hence, the onset and progression of HCC is also inseparable from metabolic abnormalities. Previously, Tremblay et al reported unique alternative splicing patterns in HBV-associated HCC, HCV-associated HCC, HBV&HCV-associated HCC, and virus-free HCC based on TCGA dataset. They also found the signatures of genes for which AS is dysregulated in different types of HCC (44) . These findings also validated that the process of splicing is closely associated with viral infection status. Accordingly, alternative splicing events may be driving the occurrence and progression of cancer. Therefore, the Cox regression method was used to analyze the association between alternative splicing events and the survival of HCC patients. The predictive power of alternative splicing on the prognosis of HCC was analyzed by considering the ROC curve. The results demonstrated that several alternative splicing events were associated with the survival of HCC patients. Thus, we attempted for the first time to use multiple alternative splicing events for the prognosis of HCC patients and obtained satisfactory results. To date, a number of studies have demonstrated that an alternative splicing event alone may be used as a biomarker for tumor diagnosis and prognosis. However, due to the heterogeneity of tumors, using a single molecule as a marker is often insufficient. Therefore, the combination of multiple molecular events for the prognosis of HCC may improve the sensitivity of diagnosis and prognosis. This follows a trend in current clinical research. Similarly, previous studies have reported several prognostic signatures based on different types of molecular events. For example, Qiao et al proposed an eight-gene signature for HCC patients' survival prediction (54) . However, the AUC of their model only reached 0.77. Liao et al also developed an effective prognostic index (PI) for predicting the survival of HCC patients based on microRNAs (55) . However, the AUC also only reached 0.687. Hence, our PI exhibits better discriminatory power. In the present study, the discriminatory power and model calibration were estimated to comprehensively evaluate the model accuracy. More importantly, the prognostic signature based on splicing events may provide novel insight into the monitoring of HCC patients from alternative splicing events. The splicing events included in the PI may provide promising therapeutic targets for HCC patients. As mentioned above, alternative splicing events do not occur randomly, but they are rather regulated by multiple cellular factors, including splicing factors (56, 57) . Splicing factors can activate or inhibit the occurrence of splicing events by identifying regulatory sequences in exons or introns. DNA mutations, DNA methylation and aberrant histone modifications may all affect the recognition of splicing sites by splicing factors, leading to changes in the occurrence of splicing events (10,58-67). The roles of common anomalies, such as DNA mutations, in cancer can be rationally explained by selectivity. Mutations within introns and synonymous mutations in exons, which were previously believed not to affect the function of genes, have gradually been found to affect gene function by affecting splicing events (10, 58, 60) . Splicing factors play a crucial regulatory role in the occurrence of splicing events, and mutations in their sequences or changes in their expression levels may affect splicing events (21) . Changes in the expression levels of splicing factors are usually accompanied by changes in splicing events, but the pattern is not yet clear. Both the upregulation and downregulation of their expression can cause cancer or inhibit tumor growth by altering splicing events (25) . Analysis of the association between splicing factors and survival in patients with HCC revealed that the expression levels of 32 splicing factors were correlated with survival time, with high expression being associated with shorter survival. It was hypothesized that the expression levels of these factors may be regulated by the similar events. For example, such an effect of the MYC oncogene has been reported (22) . To elucidate the mechanism underlying the effect of splicing factors on the survival of patients with HCC, we analyzed the correlations between the expression levels of these 32 splicing factors and survival-related alternative splicing events. Surprisingly, the alternative splicing events that were positively correlated with survival were also positively correlated with the expression levels of multiple splicing factors, and most alternative splicing events that were negatively correlated with survival were also negatively correlated with the expression levels of the splicing factors. This finding indicates that the increase in the expression of multiple splicing factors can affect the survival of patients with HCC by synergistically regulating the alternative splicing events of genes.
Univariate analysis Multivariate analysis ---------------------------------------------------------------------------------------------------------------------------------
However, there were several limitations to the present study. First, this study was based on an individual source of data from TCGA, without validation from independent cohorts, which will be carried out by our group in the future with clinical samples. Furthermore, the biological roles of the splicing events require further validation. In addition, the present study mainly focused on the splicing status of mRNAs. In fact, the splicing events of other types of RNA, including circular RNAs, also play important roles in the processes of tumors (68) . Further research and effective arithmetic are required to broaden its application range (69) . Finally, classic splicing factors were utilized in the present study, whereas it is possible that other RNA-binding proteins may also affect splicing events. Hence, the association between splicing events and a complete repertoire of RNA-binding proteins from established sources in the human genome should be further investigated.
Our study preliminarily demonstrated that alternative splicing events and the expression levels of splicing factors play important roles in the progression of HCC. On the basis of these results, it may be considered that splicing factors affect the occurrence and progression of HCC by regulating alternative splicing events. Some special alternative splicing events may affect the prognosis and progression of HCC by being regulated by their corresponding splicing factors. The constructed computational prognostic model based on HCC-specific alternative splicing events may be used as a molecular marker for the prognosis of HCC.
Currently, certain anticancer drugs targeting splicing factors, such as E7107 and FR901464 (29, 70) , have been developed, but they are not widely used in clinical practice due to their prominent side effects (21) . The identified HCC-specific alternative splicing events may be used as molecular markers for the diagnosis and prognosis of HCC, and they can help physicians develop more precise targeted therapies. This approach has the potential to be widely applied in the field of HCC research.
